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Abstract
For this study, wurtzite GaN was epitaxially grown on a Al2O3 substrate.
Four samples were implanted with 4.7MeV Au ions to doses below and
above the amorphisation threshold. These are characterised relative to an
un-implanted as-grown sample.
The extent of amorphisation within the ion-implanted material is
characterised by comparing the results of rigorous analysis using the
complementary techniques of X-Ray Diffraction (XRD), Rutherford
Backscattering Spectrometry (RBS), Transmission Electron Microscopy
(TEM) and Extended X-ray Absorption Fine Structure (EXAFS).
XRD experiments highlight disordering of the GaN structure in the
highest dose sample, characteristic of amorphisation. This is contrasted by
results of TEM analysis which show uniformly distributed but randomly
orientated GaN nanocrystals within an amorphous matrix, suggesting
that the material is not completely amorphous. EXAFS analysis suggests
an unusually high second nearest neighbour (NN) coordination number
(CN) in the highest dose sample further indicating the presence of residual
crystallinity within the ion-implanted material.
The random orientation of the GaN nanocrystals within the other-
wise amorphous matrix is consistent with ion-induced reconstruction and
suggests the nanocrystals were formed after the matrix was rendered
amorphous.
TEM analysis also yields images of N2 gas bubbles, characteristic of
ion-induced disordering of GaN, within the amorphous and nanocrystalline
GaN material. The results of studies performed on other III-V semicon-
ductors suggests that this would indicate the presence of Ga-Ga homopolar
bonding however no direct evidence of this was found.
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Glossary of Common Terms
a- amorphous
Al2O3 Sapphire
ANBF Australian National Beamline Facility
ANU Australian National University
Au or Au2+ Gold
CN Coordination Number
CRN Continuous Random Network
DW Debye-Waller
EME Electronic Materials Engineering
eV Electron Volts
EXAFS Extended X-ray Absorption Fine Structure
FWHM Full Width at Half Maximum
Ga Gallium
GaN Gallium Nitride
He or He2+ Helium
LED Light Emitting Diode
LINAC Linear Accelerator
LN2 Liquid Nitrogen
N or N2 Nitrogen
NN Nearest Neighbour
PIPS Precision Ion Polishing System
PF Photon Factory
RF Radio Frequency
RBS Rutherford Backscattering Spectrometry
RSES Research School of Earth Sciences
RSPhysSE Research School of Physical Sciences and Engineering
RUMP Rutherford Universal Manipulation Program
TEM Transmission Electron Microscopy
TRIM TRansport of Ions in Matter
XAFS X-ray Absorption Fine Structure
XRD X-Ray Diffraction
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Chapter 1
Introduction
The research published in this thesis is a continuation of studies per-
formed within my group in the Department of Electronic Materials Engi-
neering (EME) in the Research School of Physical Sciences and Engineering
(RSPhysSE) at the Australian National University (ANU), into the forma-
tion and characterisation of amorphous III-V compound semiconductors.
As the name implies, III-V compounds are composed of two elements from
groups III and V of the periodic table in a 1:1 atomic ratio. These com-
pounds are commonly found in either the zinc-blende or wurtzite structure,
as shown in Figure 1.1.
Figure 1.1: Wurtzite and Zinc-blende structures of GaN.
Group III elements have three electrons in their valence shell and group
V elements have five electrons in their valence shell so, when these two
elements combine they form four covalent heteropolar bonds with a slightly
ionic character. GaN is of particular interest in this study due to its
2
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high ionicity, resulting from the high electronegativity1 of N relative to
other group V elements. The greater the ionicity, the less likely it is for
homopolar bonding (Ga-Ga or N-N) to occur in the amorphous phase (it
is forbidden in the crystalline phase), as these atoms are more strongly
repelled by Coulomb forces. The group has previously published their
studies of the amorphous phase structure of the III-V compounds GaP,
GaAs, InP and InAs [1, 2, 3, 4, 5] all of which have a lesser ionicity than GaN.
The heightened interest surrounding GaN in recent times has stemmed
from its ability to emit blue-green light upon de-excitation [6]. This is the
result of the large bandgap of GaN compared to other III-V compound
semiconductors. The technological importance of this is quite significant
to both the information storage and processing industries [7] as well as
for use in high power or high temperature electronic devices [8]. The first
blue Light Emitting Diodes (LEDs) were produced in the early 1990’s from
GaN/InGaN/AlGaN heterostructures [9]. Previous to this, infrared lasers
were used in laser printers and to read data from compact discs. The
amount of information that can be obtained from these devices has been
increased fourfold due to the wavelength of blue light being approximately
half that of the infrared laser [10]. These LEDs are now used in traffic
lights and motor vehicle displays. Combining red, yellow and blue light
from different semiconductor compounds to produce white light with an
efficiency and power consumption far superior to that of the regular light
bulb is also of great importance.
There are both scientific and technological reasons for performing
this study. Amorphous GaN (a-GaN) can be produced in a number of
ways including sputtering Ga metal in a N atmosphere [11]. When this
and other processes are utilised, the amorphous GaN (a-GaN) produced
is not stoichiometric and often contains significant fractions of impurities.
In this study, we aim to produce stoichiometric a-GaN, describable by the
Continuous Random Network (CRN) model [12]. Technologically, ion im-
plantation is the technique used most commonly in industry to electrically
dope or isolate materials [13]. When a target material is bombarded with
ions, lattice defects and disorder will inevitably occur [6, 14]. While GaN
is quite resistant to ion disordering due to its efficient dynamic annealing2
processes [15], the use of heavy ions of sufficiently large dose have been
found to render the material amorphous [14, 15, 16, 17, 18, 19]. By starting
with stoichiometric crystalline GaN, we thus aim to produce stoichiometric
a-GaN by ion implantation and then measure the short range order of the
1Electronegativity is a measure of the attraction which an atom has for bonding elec-
trons.
2Dynamic annealing is the migration and interaction of defects in response to the
disordering caused by ion bombardment.
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material.
The GaN samples used, as with many III-V nitride films, were epi-
taxially grown to a thickness of approximately 0.25µm onto a 400µm Al203
(sapphire) substrate [20, 21]. These materials have a lattice mismatch of ap-
proximately 16% (yielding defects in the crystalline material), however this
is one of the closest commercially produced lattice types to that of GaN [22].
In this study, ion implantation of Au ions was used in an effort to
render the material amorphous. Amorphisation will only occur when pro-
jectiles of sufficient mass and energy are used. An implantation energy of
4.7MeV was chosen such that most of the implanted ions passed completely
through the GaN, coming to rest in the Al203 substrate. This ensured that
the degree of amorphisation remained constant throughout the GaN layer.
Four samples were irradiated with different doses of Au ions, between 5x1015
and 5x1016 ions/cm2 while one sample remained un-implanted. Hence-
forth, the samples will be referred to as 5e15, 1e16, 2e16, 5e16 and as-grown.
During this study, several characterisation techniques were used. Ex-
tended X-ray Absorption Fine Structure (EXAFS) analysis was performed
to measure the short-range order of the amorphous material ie. bond
length distribution, coordination number and whether homopolar bonds
are formed. Several complementary techniques were also performed to
determine the long-range order of the material prior to amorphisation.
These techniques were X-ray Diffraction (XRD) and Back Reflection
Laue to measure interplanar spacings, Rutherford Back-Scattering (RBS)
to monitor Au ion dose and GaN thickness, and Transmission Electron
Microscopy (TEM) to illustrate defects within the structure.
The primary method of characterisation in this study, is the synchrotron-
radiation-based technique of EXAFS. In order to obtain the best signal
to noise ratio for these experiments it is necessary to eliminate as much
of the substrate as possible. Prior to implantation, attempts were made
to chemically etch the GaN film away from the Al203 substrate using
both H3PO4 and KOH [23, 24, 25]. In the three references cited here
however, the etching was performed using wurtzite GaN and only proved
successful when N atoms formed the terminating layer of the material. In
our case, all attempts to chemically remove the GaN from the sapphire
substrate were unsuccessful. Following implantation, a large proportion of
the Al203 (approximately 300µm) was thus removed using manual polishing.
In conclusion, the realisation in recent times of the benefits of GaN
for use in electronic and optical devices has prompted substantial research
efforts into the structural properties of this material. One such study is
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that of the short-range order of the amorphous phase structure of GaN as is
outlined in this thesis. This study aims to analyse the short range order of
amorphous GaN using several complementary characterisation techniques.
Chapter 2
Literature Review
The following is a review of research previously done into the formation and
characterisation of amorphous III-V compound semiconductors, particularly
amorphous III-nitrides and specifically, GaN. Much of the work discussed
focuses on the wurtzite (hexagonal) crystal structure as distinct from the
zinc-blende (cubic) structure. The general trends should remain the same
however. The amorphisation technique of ion-implantation is discussed as
well as the characterisation methods of RBS, XRD, Back Reflection Laue,
TEM and EXAFS. While several groups have studied the effects of ion
implantation into GaN, very little work has been done to determine the
short-range structural properties of GaN amorphised by ion implantation.
2.1 GaN
2.1.1 Technological Applications
Pearton et al. [26], presents a review of the technological applications of
GaN including the use of GaN/AlGaN/InGaN heterostructures in produc-
ing devices such as light emitting diodes. A schematic diagram of the het-
erostructure used by Nakamura et al. [9] in the first blue LED is shown in
Figure 2.1.
2.2 Ion implantation
Much of the previous work into the effect of ion implantation on the
structure of GaN was performed by Kucheyev et al. at the Australian
National University [6, 7, 13, 14, 16, 17, 18, 19, 27, 28, 29, 30, 31, 32],
Katsikini et al. [33, 34] and by Jiang et al [35, 36].
The work of Kucheyev involved the use of Au ion implantation to
partially amorphise the GaN. The energy of the implanted ions was signifi-
6
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Figure 2.1: GaN/AlGaN/InGaN heterostructure as used in the first blue
LED [9].
cantly less than those used in this study (a maximum of 2MeV compared
to 4.7MeV in our study). The kinetics of the amorphisation process were
determined but the structure of the amorphous phase was not measured.
Katsikini et al. implanted low energy (70keV) N and O ions into
GaN [33] in an effort to amorphise the material and used EXAFS, as in
our study. The fundamental difference in the EXAFS analysis however
is that Katsikini performed his study at the N K-edge whereas we per-
formed ours at the Ga K-edge, thus providing us with a better chance
of observing Ga-Ga bonding due to Ga being a much better scatterer than N.
Jiang et al. produced amorphous GaN using 1MeV Au2+ ions at
doses of between 6x1014cm−2 and 2x1015cm−2 at 180K and room temper-
ature respectively but, to our knowledge, no analysis of the short range
order of the material was performed [35].
2.2.1 Dynamic Annealing
GaN is particularly resistant to ion disordering due to a process known as dy-
namic annealing [15]. The significance of dynamic annealing was confirmed
by comparing the lattice disordering with that in other III-V semiconduc-
tors. In order to overcome the effect of dynamic annealing, the projected
ion must be of a large enough mass and dose to fully amorphise the material
[15, 16, 17, 18]. By studying AlxGa1−xN [7] and InxGa1−xN [6], Kucheyev et
al. found that as x is increased, ie. as Al and In concentrations are increased,
the effect of dynamic annealing is enhanced in AlxGa1−xN and suppressed
in InxGa1−xN. Therefore, amorphous behaviour is decreased and increased,
respectively, in these two cases.
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2.3 Ion-Induced Disordering
Previous to the work performed by Jiang et al. and Kucheyev et al., no
systematic studies had been performed on the damage build-up in GaN due
to ion implantation. The level of disordering within the material due to
implantation is dependent on several parameters including ion energy, flux,
dose and mass, and implantation temperature [35].
2.3.1 Ion Energy and Flux
By increasing the energy of the projected ion from 100-2000keV, Kucheyev
et al. noted no obvious change in the damage build-up within GaN at liquid
nitrogen (LN2) temperatures [29]. They did, however, find that this build-
up is dependent upon the flux of the ion beam, as confirmed by Jiang et al.
[35, 36].
2.3.2 Ion Dose and Mass
Kucheyev, using keV energies found both surface and bulk amorphisation
to occur in the wurtzite GaN material when light (C or O) or heavy (Au
or Bi) ions were used as projectiles for doses up to 1.5x1015cm−2 [16]. Bulk
amorphisation results from point defects (vacancies and interstitials) when
light ions are implanted, and planar defects when heavy ions are implanted.
For ions of medium mass (Si or Cu), amorphisation occurs only at the surface
of the material with damage saturation1 occurring in the bulk [18]. The
amorphous surface layer occurs due to either the accumulation of migrating
point defects [16] or the nitrogen deficient nature of the material [14, 30,
32]. They found that as the ion dose was increased, the thickness of the
surface amorphous layer increases. This was more easily observed at low
temperatures than room temperature. In Au ion implanted GaN, at both
180K and room temperature, defect concentrations were increased steadily
to 4x1014cm−2 before saturating at concentrations up to 1x1015cm−2 and
1.2x1015cm−2 respectively, at which point, full amorphisation occurred [35].
2.3.3 Implantation Temperature
Research into the effect of high temperature implantation have been per-
formed by many groups including Tan et al. [15] and Jiang et al. [35]. It
is found that amorphisation tendencies are suppressed with increasing im-
plantation temperature due to the temperature dependence of the dynamic
annealing process. Thus, our study is performed at LN2 temperatures in an
effort to increase the probability of amorphisation occurring.
1Damage saturation occurs in a material when the concentration of defects plateaus at
a certain level below that of full amorphisation [7].
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2.4 Amorphous Structure
Implantation-induced defects and disorder in a III-V compound semi-
conductor increase with increasing implantation dose. In studying the
amorphisation process in InxGa1−xAs, Yu et al. [37] found that as the ion
dose is increased, disorder is formed within the material as either defects
within the crystalline material or as amorphous layers.
Initially, attempts to describe the process of amorphisation were catagorised
as either homogenous (which was based on a model of defect accumulation)
or heterogenous (based on a model of direct amorphisation) [38]. It is
however, now more common for theoretical models to combine the two
approaches, considering the affect of dynamic annealing.
2.4.1 Homopolar Bonding in GaN and other III-Vs
Common characteristics of amorphous materials include the presence of
homopolar bonds2 and dangling bonds3. Homopolar bonds, while less
common than dangling bonds, have a far greater effect on the electronic
structure of the material [39].
While it is particularly difficult to identify the presence of homopolar
bonding in materials such as GaAs4, where the constituent atoms have
comparable scattering ability, this identification should be easier for the
case of GaN [40] with Ga being a far more effective scatterer than N.
The theoretical model presented in reference [38] determines the den-
sity of a-GaAs to be approximately 4.5% less dense than crystalline GaAs.
This compares favourably with the experimental value of 4% determined by
Ridgway et al. [1]. Nord et al. also predicted homopolar bonds to account
for approximately 14% of all bonds. This is consistent with values of 0 -
12% determined experimentally [38].
The dense collision cascades resulting from heavy ion bombardment
have been shown by Kucheyev to decrease the density of the GaN [28].
It was subsequently discovered that this density decrease was due to the
formation of nitrogen “gas bubbles”. This would suggest that Ga-Ga bonds
were also present within the amorphous material however analysis of cross-
sectional TEM images produced no direct evidence of Ga precipitation [17].
2Homopolar bonds are formed by the bonding of two like atoms. In the case of GaN
this means N-N or Ga-Ga bonds.
3Dangling bonds are unsatisfied valence bonds existing at the surface of a semiconduc-
tor crystal, which readily join with impurity atoms.
4The percentage of homopolar bonds in a-GaAs have been found experimentally to be
between 0% and 12% [38].
Formation and Characterisation of Amorphous Gallium Nitride 10
The theoretical simulations in reference [11, 41] suggest that no homopolar
bonding occurs for this amorphous material. In addition, the Raman and
optical response of a-GaN films studied in reference [42] suggest that the
structure of the amorphous material is not that dissimilar from crystalline
material, providing further evidence for the lack of homopolar bonding
(Figure 2.2).
Figure 2.2: Raman and optical responses of a-GaN film [42].
Homopolar bonding was found to be present in all other III-V semicon-
ductor compounds studied by the EME group [4]. In 1962, Sharma et al.
observed the presence of Ga-Ga bonds and found homopolar bonding to
account for approximately 10% of bonds in a-GaAs [43]. This study aims
to experimentally verify whether homopolar bonding is in fact present in
a-GaN.
The appearance of vacancy-like defects know as “voids” in implanted
Ge, InSb and GaSb led Kucheyev et al. to suspect that this was also
occurring in amorphous GaN. However, upon closer analysis, the “gas
bubbles” found in GaN were spherical in shape and did not repel each
other as is seen with the elongated “voids” found in the other amorphous
semiconductors [45]. This led the group to predict that the “gas bubbles”
were nitrogen clusters [17].
2.5 Characterisation techniques
2.5.1 Extended X-ray Absorption Fine Structure (EXAFS)
Measurements
III-V compound semiconductors
The amorphous phase structure of many III-V compound semiconductors
(GaAs, GaP, InAs and InP) have been studied by my research group at the
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Australian National University (ANU). Relative to the crystalline material,
the bond length and Debye-Waller (DW) factor5 were found to increase while
the coordination number was found to decrease [4]. As stated previously,
homopolar bonding was observed to be present in all of these amorphous
materials.
Light ion bombardment of GaN
A number of studies have been performed by Katsikini et al. in the late
1990’s on the effects of light and medium mass ion irradiation on GaN [33,
34] using EXAFS. When bombarded with N and O the N coordination
number was found to increase due to an increase in nitrogen vacancies [33].
Additionally, bond length decreased and Debye-Waller factor increased. In
all cases the material was not rendered amorphous.
Medium mass ion bombardment of GaN
A further study using O, Mg and Si into GaN ions at doses of 1014-1018
ions/cm2 showed evidence in the NEXAFS spectra of two resonances at-
tributed to N interstitials and N dangling bonds [34]. Again, the material
was not amorphous.
Temperature Dependence
Zhongrui Li et al. [46] performed a study on the effect of changing temper-
ature (from liquid nitrogen temperature to room temperature) on wurtzite
and nanocrystalline GaN. Bond length, coordination number, thermal disor-
der, and static disorder were found to be nearly independent of temperature
and crystalline state. In the second nearest neighbour shell, thermal disorder
was found to vary with temperature in nanocrystalline material.
2.6 Contribution of this research to current
knowledge
This study aims to analyse the structure of GaN implanted with ions of a
sufficiently high energy and dose to fully amorphise the material at liquid
nitrogen temperatures. This will be done by characterising the implanted
material using EXAFS to determine the short range order and the com-
plementary methods of XRD and Back Reflection Laue to determine the
long range order. RBS and TEM will yield additional, complementary in-
formation. The atomic scale structure of amorphised GaN has never been
studied. Knowledge of the structure will provide a broader understanding of
5The Debye-Waller factor is the relative mean squared deviation in bond length. For
a more detailed definition of the Debye-Waller factor see [44].
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the effects of high energy and high dose implantation in this technologically
relevant material.
Chapter 3
Theoretical Background
This chapter consists of a general description of the properties of GaN. It
also contains an outline of the physical principles of ion implantation and
the many characterisation techniques used in this study.
3.1 Properties of GaN
Ga and N are found in groups III and V, respectively, of the periodic table
(Figure 3.1).
Figure 3.1: Relative positions of G and N in the periodic table.
Ga has an atomic number of 31 with 3 valence electrons and N has an
atomic number of 7 with 5 valence electrons. Together, these two elements
combine to form GaN with four heteropolar bonds and closed electron
shells. Due to the different electronegativities of the two elements, the
bonds formed have both a covalent and ionic character.
13
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GaN is a compound semiconductor which is found in both the wurtzite
(hexagonal) and zinc-blende (cubic) structures. Wurtzite GaN has lat-
tice parameters of a = 3.19A˚ and c = 5.19A˚ and a bandgap of 3.39eV
[47] at 300K. For zinc-blende GaN, the lattice parameter is 4.5A˚ [48]
and the bandgap is 3.2eV [49] at 300K1. As can be seen from Figure
3.2, this bandgap is particularly large compared to that of other III-V
semiconductors.
Figure 3.2: Bandgap of GaN compared to that of other III-V semiconductors.
3.2 Ion implantation
Ion implantation is the process by which ions are accelerated to keV or
MeV energies, using a high-voltage accelerator, before being injected into
a target material. Once injected, the ions will pass through the surface of
the material (causing surface sputtering2) and interact via both electronic
and nuclear processes with the electrons and ions respectively within the
target material. Depending on the incident ion velocity and the mass of the
ion relative to that of the constituent atoms, either nuclear or electronic
interactions will dominate.
1These lattice parameters and bandgaps are only approximate as different experiments
have returned slightly different values for these.
2Surface sputtering occurs when surface atoms are displaced from the surface of a
material following an interaction with an incident ion. This can result in surface erosion.
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An important advantage of ion implantation is the ability to control
both the dose and penetration depth of the implanted ions. If the dose
of the implanted species is sufficiently high, the disorder created within
the lattice will be such that the material can potentially be rendered
amorphous.
3.2.1 Damage Accumulation
The implantation of ions into semiconductor materials produces lattice dam-
age which increases with increasing ion dose. Damage can occur in the
form of defects such as vacancies3, anti-site defects4 and interstitials5. A
schematic diagram of these is shown in Figure 3.3. This formation of de-
fects within the semiconductor material is a limiting factor in the production
of effective electrical devices.
Figure 3.3: Vacancies, interstitials and anti-site defects in a crystalline lat-
tice.
Defects can migrate and interact. Resistance to ion disordering characteris-
tic of this interaction and subsequent annihilation is referred to as dynamic
annealing. The process of dynamic annealing is particularly efficient in GaN.
If ions of sufficiently large dose are injected into GaN the eventual amorphi-
sation of the material is observed as a layer by layer surface amorphisation
(with increasing implantation dose) and bulk amorphisation due to the ac-
cumulation of bulk defects. At high enough doses these surface and bulk
amorphous regions will merge.
3A vacancy is the absence of an atom from its normal location in a perfect crystal
structure.
4An anti-site defect occurs where an atom of a particular species is present in the
crystal lattice at a point where an atom of a different species is expected.
5An interstitial is the occurrence of an atom in a location where it does not belong in
a perfect crystal.
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3.2.2 Simulation of Damage Accumulation
Damage accumulation resulting from ion implantation is simulated using
software programs such as the TRIM (TRansport of Ions in Matter) code, a
monte carlo simulation program [50]. This calculates the energy transferred
in each collision between the projectile ions and the lattice ions and electrons.
The TRIM program does not, however, take into account defect migration
and interaction and thus, the defect distributions predicted are greater than
those determined experimentally. The TRIM code was used to determine
the energy of Au ions required for the projected ions to pass through the
GaN layer in our experiment so that the level of amorphisation within the
layer was independent of depth. Table 3.1 shows the ion range and straggle
(or width of the ion range profile) of Au particles injected into the GaN
as a function of energy. The normalised Au concentration as a function of
penetration depth for 4.7MeV Au2+ ions is shown in Figure 3.4.
Energy Range Straggle
MeV A˚ A˚
0.05 140 48
0.10 217 69
0.50 712 216
1.00 1296 378
2.00 2620 666
3.00 3775 951
4.00 5101 1096
4.70 6075 1377
7.00 9358 2042
10.00 13900 2858
Table 3.1: Au ion ranges in GaN for various energies.
3.2.3 Amorphous Phase Structure of GaN
Theoretical simulations of the electronic properties of amorphous GaN in-
dicate that no odd-membered rings6 are formed so, therefore, homopolar
bonding is not present [11]. It is also found that almost two thirds of atoms
in the simulated system are threefold coordinated (in contrast to the fourfold
coordination typical of a crystalline structure). The average coordination
number for a-GaN is thus calculated to be 3.43, slightly less than the value of
4.00 for crystalline GaN. Simulations also predict an a-GaN bond length of
6GaN is comprised of six-membered rings, alternating Ga and N atoms. Odd-membered
rings necessitate a bond between two of the same atoms.
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Figure 3.4: Ion dose as a function of penetration depth at an energy of
4.7MeV.
1.89A˚ compared to 1.94A˚ determined experimentally for crystalline material
[46].
3.3 X-ray Diffraction
3.3.1 Bragg condition
Consider atoms in parallel planes A and B of a crystalline material as shown
in Figure 3.5. X-rays of the same wavelength reflected from each of the
planes will interfere constructively where the path difference of the x-rays in
the material is equal to an integer number of wavelengths. This relationship
is given by the Bragg condition of Equation 3.1.
nλ = 2d sin θ (3.1)
where n is an integer, λ is the wavelength of the radiation, d is the
perpendicular distance between adjacent atomic planes and θ is the angle
of incidence relative to the normal.
This will only be the case when the angle between the incident beam
and the crystalline plane, θi, is equal to the angle between the reflected
beam and the plane, θr for each of the planes.
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Figure 3.5: The Bragg condition.
3.4 Rutherford backscattering spectrometry
Rutherford Backscattering Spectrometry is a technique used to determine a
variety of properties of a particular material including thickness, and con-
centration of different elemental species as a function of depth. According to
experiments performed by Rutherford in 1909, when particles are incident
on a target material, the particles can be scattered by Coulombic inter-
actions between the ion and the target nucleus. Rutherford’s experiment,
performed using He2+ ions incident on a Au target, as well as an illustration
of the Coulombic interaction are shown in Figure 3.6.
Figure 3.6: Rutherford backscattering experiment and the Coulombic inter-
action
The energy of these backscattered ions is detected by a solid state detec-
tor and is dependent upon the mass of the target atom, the depth from
which they were scattered, and the angle through which they were scattered.
The depth of the target nucleus as a function of the energy of the
backscattered particle is given by Equation 3.2.
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d =
KE0 − Eb
K dEdx |1
− 1
cos θ
dE
dx
|2 (3.2)
where d is the depth of the target nuclei, K is the Kinematic Factor7
K =
Eb
E0
= [
(1− (M1 sin θM2 )2)1/2 + M1 cos θM2
1 + M1M2
]2 (3.3)
E0 is the incident energy of the particle, Eb is the energy of the backscattered
particle, M1 is the mass of the incident particle, M2 is the mass of the target
atom, θ is the angle through which the particle is scattered, dEdx |1 and dEdx |2
are the energies lost in passing through the material before and after the
interaction respectively. This is shown schematically in Figure 3.7.
Figure 3.7: Energy loss of backscattering ion in RBS experiment.
3.5 Transmission Electron Microscopy (TEM)
TEM is a useful technique for imaging materials based on variation in the
electron scattering potential throughout the material. This is done by pass-
ing an electron beam through the material during which electrons will in-
teract with the constituent particles through diffraction.
As electrons have a much shorter wavelength then photons, the resolution
achieved with this technique is much greater than that of optical microscopy.
This shorter wavelength is also advantageous in identifying crystalline struc-
tures based on the patterns produced by the diffraction of electrons from
their planes.
7The Kinematic Factor is defined to be the ratio of the energy of the incident particle
immediately after the interaction with the target nuclei to the energy immediately before
the interaction. This interaction is modeled classically as an elastic collision.
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3.6 Extended X-ray Absorption Fine Structure
(EXAFS)
The technique used in this study to determine the short-range order of a-
GaN is the synchrotron-radiation-based-technique of EXAFS.
3.6.1 Synchrotron Radiation
Synchrotron radiation is produced by the acceleration of electrons in a
circular orbit to relativistic speeds. Initially, a linear accelerator (LINAC)
is used to accelerate the particles to the desired energy before they
are injected into a storage ring. Here they are kept in orbit with the
use of bending magnets emitting radiation tangential to their orbit.
Energy lost as radiation is reintroduced to the accelerating electrons via ra-
dio frequency (RF) cavities which boost the energy of the orbiting electrons.
A schematic diagram of a synchrotron is shown in Figure 3.8 where
(1) is the electron gun, (2) is the linear accelerator (LINAC), (3) is the
booster ring, (4) is the storage ring, (5) is an RF cavity, (6) is a beamline,
(7) is an experimental station and (8) are bending magnets.
Figure 3.8: Features of a synchrotron.
The Photoelectric Effect
In 1905, Einstein published a paper on the Photoelectric Effect which would
later win him a Nobel prize. The idea behind his discovery was that when
light is incident on a metallic surface, electrons are ejected from the surface.
This principle is used to perform EXAFS experiments in this study. The
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effect is illustrated in Figure 3.9a.
Figure 3.9: a)the Photoelectric Effect and b)the de-excitation of outer shell
electrons.
The incident photons are absorbed by atoms within the target material
which eject a core electron with energy equal to the difference between the
photon energy and their binding energy. As the energy of the incident
photons is increased, the energy of the electron increases and becomes more
“wave-like”.
The Photoelectron wave
This photoelectron “wave”, emitted by the absorbing atom will be scat-
tered back by surrounding atoms (scatterers). A schematic diagram of this
is shown in Figure 3.10. The emitted and scattered waves interfere result-
ing in the measured X-ray Absorption Fine Structure (XAFS) signal being
superimposed as oscillations on the atomic background absorption. An ex-
ample of an XAFS signal is shown in Figure 3.11.
De-excitation
Following this core electron emission from the absorbing atom, an outer
shell electron (usually from the L or M shells) will drop in to fill the core
electron shell, resulting in the characteristic emission of photons of energy
equal to the difference in binding energy of the two electron shells. This
de-excitation effect is shown in Figure 3.9b and is also the principle which is
used to produced the polychromatic radiation from the W and Co sources
in our XRD experiments.
XAFS
XAFS is a measure of the absorption coefficient, µ, as a function of incident
photon energy. This is given by Equation 3.4.
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Figure 3.10: Interaction between emitted and scattered photoelectron waves.
I = I0e−µt (3.4)
where I is the intensity of x-rays transmitted through the sample, I0 is the
intensity of incident x-rays, and t is the thickness of the sample.
The energy dependent absorption coefficient, µ(E) is proportional to
the quotient of If (intensity of fluorescence signal) and I0 (intensity of
incident x-ray beam) given by Equation 3.5.
µ(E) ∝ If
I0
(3.5)
From this equation, we define the energy dependent EXAFS fine structure
function in Equation 3.6.
χ(E) =
µ(E)− µ0(E)
∆µ0(E)
(3.6)
where µ(E) (the energy dependent absorbtion coefficient), µ0(E) (the aver-
age value of the energy dependent absorbtion coefficient above the k-edge)
and ∆µ0(E) (the edge-step) are defined in Figure 3.12.
At the absorption edge (labeled in Figure 3.11) of the XAFS spectra,
the energy of the incident x-ray is equal to the binding energy of a core
level electron. Our primary area of interest is the extended XAFS region
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Figure 3.11: XAFS signal.
Figure 3.12: µ(E) showing ∆µ(E) and µ0(E).
which stretches from approximately 50eV above the absorption edge to
approximately 2keV above the absorption edge.
The oscillations which are visible in this part of the spectra are due
to the interference of emitted and scattered photoelectron waves described
earlier. These waves are defined by their wavenumber given by Equation 3.7.
k =
√
2m(E −E0)
h¯2
(3.7)
where m is the electron mass, E is the incident photon energy, E0 is the
energy at the absorption edge and h¯ is Planck’s constant (4.14 × 10−15
eV.s) divided by 2pi.
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3.6.2 EXAFS
EXAFS measurements can be performed in either the transmission or
fluorescence modes. It is desirable to carry out experiments in the trans-
mission mode so as to utilise all incident photons, however this necessitates
a homogeneous sample with an equivalent thickness of 10-20µm of GaN,
inconsistent with out thin (0.25µm) GaN layer grown on Al2O3. Under
such circumstances, fluorescence measurements are performed.
Analysis of the data produced from our EXAFS experiments was
performed using the XFIT code. This code models the absorbing atom and
it’s local environment using the theoretical EXAFS equation of Equation 3.8.
χ(k) =
∑
s
Ns(SO2)s[
fs(k)
kR2s
]exp[−2σ2sk2]exp[
−2Rs
λ
]sin[2kRs+αs(k)] (3.8)
where
Ns = number of backscattering atoms in shell s
(S20)s = amplitude reduction factor
fs(k) = scattering amplitude function
k = photoelectron wavenumber (Equation 3.7)
Rs = distance from absorber to scattering shell s
σ2s = mean square deviation in Rs
λ = photoelectron mean free path
αs(k) = phase shift due to backscattering
This yields a measurement of the bond length distribution and coordination
number about the absorbing atom. Given the number of variables, a
crystalline standard with known parameters is measured first and relative
changes in such parameters are then determined in the implanted samples.
In summary, I have described here the physical principles behind both the
formation of a-GaN and the characterisation techniques of XRD, RBS,
and TEM, the former used to observe the long range order of the GaN
samples. The remainder of the chapter described the technique of EXAFS,
used to determine the short range order of the sample. Combining these
techniques, we seek a complete picture of the structure of a-GaN.
Chapter 4
Experimental
This chapter contains descriptions of the experimental methods and appa-
ratus used to produce and characterise the Au-ion-implanted GaN used in
our experiments. Some of the more technical aspects of these experimental
set-ups are also included. The final sections of the chapter contain a de-
tailed analysis of the primary characterisation technique of Extended X-ray
Absorption Fine Structure (EXAFS) as well as the facilities and apparatus
required to perform these experiments.
4.1 Ion Implantation
4.1.1 Equipment
A 1.7MV tandem accelerator was used and schematic diagram is shown in
Figure 4.1.
During ion-implantation, the following processes occur. The species which
is to be implanted is loaded into a Cu cathode. A potential difference of ap-
proximately 5kV is applied between the cathode and an ioniser. Close to the
cathode is a Cs source which is heated, causing it to emit Cs vapour. These
Cs atoms come into contact with the ioniser, become positively charged
and are accelerated back towards the cathode. The subsequent interaction
between the Cs ions and the loaded material (Au in our case) causes the
sputtering of both atoms and ions from the cathode. Negative Au ions are
accelerated out of the source with energy of approximately 80keV obtained
from a combination of cathode (5kV), extractor (10kV) and bias (65kV)
voltages.
25
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Figure 4.1: Schematic diagram of ion implanter.
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Following the extraction of the negative Au ions, a 90◦ mass analysing
magnet is used to select the desired ions based on Equation 4.1.
B =
√
2mV
qr
(4.1)
where m is the mass of the ion, V is the applied voltage, q is the charge state
of the desired ion (-1 in our case), and r is the bending radius of the magnet.
After the mass analysing magnet, an Einzel lens and x-y steerers are
used to focus and direct the beam emerging from the ion source into the
accelerator.
The negative ions are accelerated through the potential difference of
the accelerator at the centre of which a N2 stripper gas is used to remove
electrons from the negative ions thus forming positive ions which are
then accelerated away from the middle of the accelerator. The energy
of the ions emerging from the accelerator are therefore given by Equation 4.2.
E = q(Vi + (1 + n)Vt) (4.2)
where q is the electronic charge, Vi is the initial voltage at the point where
the ions enter the accelerator, n is the final charge state of the Au ions
exiting the accelerator and Vt is the terminal voltage of the accelerator.
From TRIM simulations the final energy required was 4.7MeV, there-
fore, using the equation above, the terminal voltage was set to 1.54MV
with n = 2.
Quadrupole lenses are used to focus the ions after they emerge from
the accelerator, before passing through the final energy analysing magnet
where ions of the desired energy (charge state) are preferentially selected
again using Equation 4.1.
4.1.2 Method
The 0.25µm GaN layer epitaxially grown on a 400µm Al2O3 substrate was
cut into 5 pieces and irradiated with Au2+ ions at different doses as shown
in Table 4.1.
These doses, being measures of current integrated over time, are based on
Equation 4.3.
Q =
1
qAn
∫ t
0
idt (4.3)
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Sample Implantation Time Dose (ions/cm2) Label
1 0 hours 0.00 as-grown
2 1 hours 4.78 x 1015 5e15
3 2 hours 9.55 x 1015 1e16
4 4 hours 1.91 x 1016 2e16
5 10 hours 4.78 x 1016 5e16
Table 4.1: Implantation doses of Au into GaN
where i is the beam current, A is the implanted area, q is the electron charge,
n is the charge state of the implanted ion and t is the implantation time.
The samples were mounted on a Ni holder which was cooled to LN2 temper-
atures1. The beam was raster scanned across the surface of the sample so as
to produce an even dose distribution. The current density was 0.42µA/cm2.
4.2 X-Ray Diffraction (XRD)
During this study, x-ray diffraction was performed using both a diffractome-
ter and back reflection Laue apparatus. The x-rays used for these experi-
ments are produced using an x-ray (or cathode ray) tube shown in Figure
4.2.
Figure 4.2: X-ray tube [51].
Inside the x-ray tube, the following processes occur. A filament is heated
to produce electrons and a potential difference applied between the filament
and a metal anode. This potential causes electrons to be accelerated from
the filament towards the metal. Upon striking the metal, the incident elec-
trons can create photoelectrons when the incident electron energy exceeds
the photoelectron binding energy. The subsequent de-excitation of outer
1Implantation was performed at LN2 temperatures to minimise dynamic annealing,
thus making amorphisation much more likely to occur.
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shell electrons into core orbitals causes the emission of x-rays of a number
of well defined energies characteristic of the metal (polychromatic). This is
illustrated schematically in Figure 3.9b. In addition, Bremsstrahlung radi-
ation, a broad spectrum radiation, will be produced due to the deceleration
of electrons in the crystal.
4.2.1 X-ray Diffractometer
Equipment
In our experiments performed using the x-ray diffractometer, when the
Bragg condition was satisfied, characteristic peaks were present in the
output spectra.
A schematic diagram of a diffractometer used to perform XRD is
shown in Figure 4.3.
Figure 4.3: Schematic diagram of x-ray diffractometer.
Method
An as-grown and a 5e16 sample were sent to the Department of Earth
and Marine Science at the ANU for x-ray diffraction analysis. X-rays were
produced by a Co source at the characteristic Kα1 and Kα2 energies of
6.930keV and 6.915keV, respectively.
An x-ray beam was passed through a collimator before striking the
sample which was mounted on a goniometer within the diffractometer.
The sample and detector were scanned through angles of θ and 2θ with
a 2θ angular range of 2◦ - 80◦, a step size of 0.02◦ and scan time of 2
seconds/step. The detector measured the relative intensity of the diffracted
radiation at each step.
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The characteristic peaks produced in the x-ray diffraction spectra
were indexed using the known wavelength of the radiation and the Bragg
angle of each peak. The d-spacing for each peak was compared to those
found using the POWD-12++ code obtained from the Inorganic Crystal
Structure Database (ICSD) for GaN and Al2O3 in order to identify the
diffracting planes.
4.2.2 Back Reflection Laue
Equipment
The set-up for this characterization technique is shown in Figure 4.4 where
(1) is a wooden block of low atomic index positioned to absorb much of
the transmitted radiation2, (2) is the position of the sample holder for the
experiment, (3) is the goniometer, (4) is the film holder, (5) is the collimator3
and (6) is the x-ray tube.
Figure 4.4: Apparatus for Back Reflection Laue.
The x-ray tube used for this experiment contained a tungsten anode oper-
ating at 40kV. The spot pattern is comprised of diffracted Bremsstrahlung
radiation.
2Without this, transmitted x-rays are reflected by the Pb shield beyond the block which
subsequently contaminate the pattern produced by the sample.
3Radiation from the x-ray source is emitted in all directions. A collimator is used to
produce rays which are approximately parallel.
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Method
A sample holder was constructed from Al to mount the sample and was
then placed on top of the goniometer. X-ray film was loaded into the
camera, a Pb shielded box placed over the experiment and the shutter
opened.
During the experiment, the following processes occur. The emitted
x-rays are directed through a hole in the centre of an x-ray film towards the
crystal. They are then diffracted by lattice planes within the material with
those diffracted back in the direction from which they originated, striking
the x-ray film. These x-rays will produce a diffraction pattern (observed as
spots) on the film with constructive interference occurring according to the
Bragg condition described above by Equation 3.1 and Figure 3.5.
The Bragg angle can be determined for each spot using Equation
4.4, where r is the distance from the centre of the beam to the point of
constructive interference on the film and R is the distance from the film to
the crystal (Figure 4.5).
tan[180− 2θ] = r
R
(4.4)
Figure 4.5: Relative position of the Bragg angle.
Each sample was exposed for between 20 and 72 hours as shown in Table
4.2.
In all cases (with the obvious exception of the Al2O3 sample) the GaN face
was situated facing the x-ray film. The Al2O3 sample was produced by
manually grinding the GaN layer off an as-grown sample. This was easy to
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Sample GaN Thickness Al2O3 Thickness Exposure time
µm µm hours
as-grown 0.255 94 72
5e15 0.255 123 20
1e16 0.255 86 45
2e16 0.255 140 30
5e16 0.200 433 24
Al2O3 0.000 437 48
Table 4.2: Exposure time of samples using Back Reflection Laue technique.
observe as the shiny appearance of the GaN disappeared.
The films were placed in developer for ten minutes, washed in water
then placed in fixer for thirty seconds before being washed briefly again.
4.3 Rutherford Backscattering Spectrometry
Equipment
Within the department, a National Electrostatics Corporation (NEC) 5 SDH
1.7MV Tandem Accelerator was used to perform RBS. This accelerator is
similar to that used for ion implantation except that the source is gaseous
rather than solid.
Method
Before the experiment, simulations were performed using the Rutherford
Universal Manipulation Program (RUMP) to plot the scattering effects of
the different constituent elements.
Each of the five samples was mounted on a sample holder as well as
calibration samples. 4.74MeV He ions were utilised and each sample was
measured in a random orientation.
Using the RUMP program again, the Rutherford backscattering spectra
was plotted for each of our samples. From this it was possible to determine:-
a) thickness of the GaN layer,
b) the depth distribution of the implanted Au within the sapphire layer,
and
c) the amount of Au which was implanted.
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4.4 Transmission Electron Microscopy (TEM)
Equipment
A Philips CM300 TEM located in the Research School of Earth Sciences
was used to pass electrons of relativistic energies through the GaN as-grown,
and 5e16 samples. The microscope was optimised to produce both dark and
bright field images of varying magnitude to observe the electron scattering
potential throughout the GaN.
Method
The 5e16 sample was sent to Gatan Inc. (the world’s leading manufacturer
of TEM instrumentation and software) for preparation and analysis while
the as-grown sample was prepared in the department of EME.
To ensure that the electrons passed through the material, a series of
thinning procedures were performed.
The preparation for this technique is as follows:-
1. Several pieces of Si were cut to a size comparable to the sam-
ple which was to be analysed. These samples were glued together using
Gatan G1 Epoxy to form a “stack”. A thinner piece of Si was placed next
to the sample so as to be able to identify it through the microscope. This
arrangement is shown schematically in Figure 4.6.
Figure 4.6: Sample wedged between Si pieces to form a stack.
The stack was clamped together and cured till the glue turned hard (as
indicated by a change in colour). This took 45 minutes at 130◦.
2. The four sides of the stack were ground evenly so that the
sample and all Si pieces were the same size (Figure 4.7).
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Figure 4.7: Sides of stack ground to form cube.
3. A coring drill was used to form a cylindrical sample as shown in
Figure 4.8.
Figure 4.8: Top view of cored stack.
4. The roughest face of the cylinder (by observation) was stuck to a
pyrex stub using crystal bond. This is shown schematically in Figure 4.9.
The smoother side was then polished using a series of SiC and diamond
grinding papers from most to least course.
Figure 4.9: Cored stack mounted on a pyrex stub.
5. The cored stack was removed from the stub using acetone before be-
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ing turned over and the smooth side glued to the stub using the crystal bond.
6. Course paper was then used to reduce the thickness of the
cored stack to 70µm.
7. The thinned cored stack was placed in the Gatan model 656
Dimple Grinder (located in the Department of EME) and a hemispherical
portion of the top face was removed leaving a residual minimum thickness
of approximately 5-10µm. A cross-sectional illustration of this is shown
schematically in Figure 4.10.
Figure 4.10: Cross-sectional view of sample following dimpling.
8. The final preparation was completed by placing the dimpled sample
in the Gatan Model 691 Precision Ion Polishing System (PIPS) also located
in the department of EME. This apparatus uses low-energy (3keV for our
experiment), low-angle ion milling to reduce the sample thickness to electron
transparency. This is shown schematically in Figure 4.11.
Figure 4.11: Ion milling of sample using PIPS.
4.5 EXAFS
Equipment
4.5.1 Photon Factory
EXAFS experiments were performed at the Photon Factory in Tsukuba,
Japan, shown in Figure 4.12.
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Figure 4.12: The Photon Factory Synchrotron, Tsukuba Science City, Japan
The Photon Factory specifications are shown in Table 4.3.
Beam Energy 2.5GeV - 3.0GeV
Initial Beam Current 450mA
Beam Lifetime 50 hours (when run at 400mA)
Beam Emittance 36 nm x rad
Number of Bending Magnets 28
Number of RF cavities 4
RF frequency 500.1MHz
Circumference 187m
Average Ring Pressure 6 x 10−8Pa (when run at 400mA)
Radiation Lost per turn 400keV
Beam Drift < 20µm during the day at 20m from source
Table 4.3: Photon Factory specifications.
After 24 hours the beam current drops to about 300mA. At this time the
beam is “dumped” and reinjected.
4.5.2 Australian National Beamline Facility (ANBF)
The ANBF is located at beamline 20B of the Photon Factory. This is a
hard x-ray beamline providing x-rays of between 4.5keV and 20keV to the
experimental hutch where both x-ray diffraction and XAFS experiments are
performed. The experimental set-up for our fluorescence EXAFS experi-
ments is shown in Figure 4.13.
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Figure 4.13: Fluorescence EXAFS experimental set-up.
1. Ionisation chamber for detecting the number of incident photons
2. Closed cycle He cryostat for transmission and fluorescence
XAFS (CRYO industries of America)
3. 10 element Ge solid state detector (Canberra industries) for
detecting fluorescence photons
4. Sample mounted in cryostat
Method
To reduce scattering from the substrate, thin samples are required. As
discussed earlier, several attempts to chemically remove the sapphire
substrate failed so it became necessary to manually grind away a large
portion of the substrate. Each sample was cut in half and a grinding wheel
in the Research School of Earth Sciences (RSES) at the ANU was used
to reduce the thickness of the substrate to approximately 100µm in each case.
Each sample was then mounted on a sample holder using Kapton4
and crushed into pieces < 0.5mm to inhibit strong diffraction effects
contaminating our data. An example of an EXAFS sample mounted on a
cryostick5 is shown in Figure 4.14.
4Kapton is a tape which is transparent to x-rays.
5The cryostick is used to place the sample into the cryostat.
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Figure 4.14: An EXAFS sample mounted on a cryostick [51].
Firstly, Ga foil was placed in the beam and the Ga K-edge energy deter-
mined so that the energy scale could be calibrated. The energy of x-rays
(as selected by the monochromator) was set to just above the Ga K-edge
so as to separate the fluorescence and elastic scattering peaks. The sample
was placed in the cryostat and tilted at a 45◦ angle to both the beam and
the detector before being cooled to 12K. The window for each channel of
the detector, the position of the cryostat and the position of the detector
were all adjusted to maximize the number of photons reaching the detector.
Scans typically ran for 45 minutes.
The atomic scale structure of the 5e16 sample was measured in this
experiment as this sample was the most likely to have amorphised.
The EXAFS data obtained from the Photon Factory experiments was
analysed using the XFIT and FEFF codes. This process is outlined below.
1. The Phases program was run noting that Ga is the absorber,
N is the scatterer in the first NN shell and Ga is the scatterer the second
NN shell for our experiments.
2. Using Average, all scans for a particular sample were selected
and calibrated (using the drift function) to 10.367keV, the energy of the Ga
K-edge. Each scan was then compared to the averaged file and scans that
showed major discrepancies were discarded. Additionally, within scans,
data from individual detector channels which were inconsistent with the
averaged data were discarded.
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3. A smooth, pre-edge function was fitted and subtracted to re-
move instrumental background and absorption from other edges. This is
shown in Figure 4.15.
Figure 4.15: Removal of pre-edge data.
4. A smooth, post-edge function was fitted and subtracted to isolate
the fine structure (Figure 4.16).
Figure 4.16: Splining of EXAFS region.
5. The EXAFS signal was then plotted as a function of the wavenumber,
k, which was weighted by k3 in order to enhance the signal at high k values
(Figure 4.17).
6. Converted to radial space, the signal was then Fourier transformed.
This is shown in Figure 4.18 where the peaks (corresponding to scattering
atom shells) can be clearly noted.
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Figure 4.17: EXAFS spectra, k3 weighted.
Figure 4.18: Fourier Transform as a function of radial distance.
7. Finally, the XFIT program was used to determine the bondlength
distribution and coordination numbers of the sample and crystalline
standard.
In conclusion, this chapter has described in detail the experimental
techniques and technical aspects of the experimental set-ups used to
implant our GaN samples with Au ions and perform analysis of both short-
and long-range order of the ion-implanted GaN. The final sections of the
chapter describe in detail the processes and facilities used to analyse the
atomic scale structure of our samples using the technique of EXAFS.
Chapter 5
Results and Discussion
This chapter describes the results obtained from each experiment performed
as part of this study and discusses the implications of these results. In the
final part of the chapter, comparisons and contrasts are drawn between the
results in order to present an overall picture of our findings.
5.1 X-ray Diffraction
As no sample preparation was required, the x-ray diffraction experiments
were performed as a quick means of determining if the implanted material
had been rendered amorphous.
5.1.1 X-ray diffractometer
The spectra produced from the diffractometer experiments consisted of
peaks characteristic of reflections from the GaN and Al2O3 lattices which
satisfied the Bragg condition. These patterns are both produced in Figure
5.1.
The spectrum obtained from the as-grown sample consisted of two charac-
teristic peaks at angles of 2θ = 40.31◦ and 2θ = 48.80◦. Using the known
x-ray wavelength of 1.79A˚, and the Bragg condition given by Equation 3.1,
the d-spacing of the relevant planes were determined to be 2.60A˚ and 2.17A˚
respectively.
Comparing these d-spacings to powder diffraction files for GaN and
Al2O3, it was found that the reflections could be attributed to the (0002)
GaN plane and the (0006) Al2O3 plane. This provided confirmation that
the GaN layer of our samples was of the hexagonal (wurtzite) crystal
structure, and that both the GaN and Al2O3 were oriented along the c-axis.
These results are tabulated in Table 5.1.
41
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Figure 5.1: XRD spectra for as-grown and 5e16 samples.
Crystal Angle Wavelength Measured Miller Theoretical
2θ A˚ d-spacing indices d-spacing
A˚ A˚
GaN 40.31◦ 1.79 2.60 (0002) 2.59
Al2O3 48.80◦ 1.79 2.17 (0006) 2.17
Table 5.1: Indexing of x-ray diffraction peaks
In the 5e16 spectra, the peak which we saw at 2θ = 40.31◦, and attributed
to reflection from the GaN (0002) plane in the as-grown sample, had
disappeared. This is evidence that the GaN layer has been sufficiently
disordered to negate diffraction as consistent with the material being
rendered amorphous.
While ion-implantation causes defects and lattice disorder to occur in
the Al2O3 substrate also, the x-rays penetrate much deeper than the ion
range of the implanted species, to the portion of the Al2O3 lattice that
remains ordered. Because of this, the diffraction pattern produced by the
(0006) Al2O3 lattice plane is observed even in the implanted samples.
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5.2 Back Reflection Laue
The back reflection Laue experiment yields different patterns for the
GaN/Al2O3 and the Al2O3 samples. The former is the superposition of
GaN and Al2O3 patterns1 and thus by comparing with the latter, the spots
particular to GaN are identifiable.
In Figure 5.2a the back reflection pattern from the Al2O3 sample is
shown while Figure 5.2b highlights the general features of this pattern
(shown in blue).
Figure 5.2: a) Al2O3 back reflection pattern and b) blue lines highlight gen-
eral trend of Al2O3 pattern.
The reflection patterns for both the Al2O3 and the GaN lattices can be
observed in the image of the as-grown sample (Figure 5.3a). This is most
obviously recognised by the increased number of spots in Figure 5.3a as
compared to Figure 5.2a. Again, the general trend of the Al2O3 pattern is
shown in blue in Figure 5.3b however it should be noted that additional spots
due to reflections from the GaN crystal also lie on these lines. In Figure 5.3c
red hyperbolas indicate additional reflections from the GaN lattice.
The implanted sample spectra are shown in Figure 5.4 for the 2e16 (a)
and 5e16 (b) samples. In general, the GaN spots fade and/or disappear,
consistent with a disordered layer. The Al2O3 spots maintain their intensity
following the disordering of the GaN layer.
1For the given GaN thickness of 0.25µm, less than 10% of the incident photons are
absorbed in this layer.
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Figure 5.3: a)as-grown back reflection pattern, b) general trend of Al2O3
pattern also includes several GaN reflections and c)general trend of GaN
reflection pattern.
Formation and Characterisation of Amorphous Gallium Nitride 45
Figure 5.4: a) 2e16 and b) 5e16 implanted sample spectra.
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In contrast, spectra from the 5e15 and 1e16 samples are shown in Figure
5.5. Comparing these images with those of the higher dose samples it is
clear that many more spots are present, suggesting that the GaN lattice
still maintains much of it’s order in these lower dose samples.
Figure 5.5: a)5e15 and b) 1e16 implanted sample spectra.
As with the case of the previous experiment, spots attributable to diffraction
from the the Al2O3 substrate are still visible due to the x-rays penetrating
further into the material than the ion range of the implanted species.
Faint, diffuse rings, characteristic of amorphous material, were not
observable in any of our samples. This could be attributed to either the
lack of amorphous GaN or, more probably, the lack of sufficient sensitivity
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in the x-ray film.
The disappearance of the GaN diffraction pattern following ion im-
plantation at doses of 2e16 and 5e16 combined with the disappearance
of the GaN diffraction peak for the 5e16 sample in our previous XRD
experiment, are consistent with amorphisation at these high doses.
5.3 Rutherford Backscattering Spectrometry
Like the XRD experiments described above, RBS is a relatively straight
forward technique, requiring no sample preparation. This experiment yields
spectra containing information on the thickness of layers within the sample,
and the depth and dose of implanted species.
The spectra produced from RBS analysis of the as-grown sample as
well as the four implanted samples (5e15, 1e16, 2e16 and 5e16) are plotted
in Figure 5.6.
Figure 5.6: RBS spectra for all samples.
The N, O, Al and Ga edges are marked on the graph as well as the energy
positions of N, O, Al, Ga and Au for an element residing at the sample
surface. For Ga and N, the edges and surface energy positions are equal as
the outermost layer is GaN. The shift in the Au peak to lower energies is
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due to the penetration of this element into the bulk of the Al2O3. Similarly,
the O and Al edges are at lower energies than the surface energy position
as the Al2O3 lies beneath the GaN layer and hence the ions lose energy on
both the entrance and exit paths through the GaN layer.
The implant profiles shown above are comparable with those predicted by
TRIM simulations prior to implantation. These simulations calculated an
implantation depth in excess of 0.6µm when the Au ions were implanted
with an energy of 4.7MeV (Figure 3.4). Further simulations using the
RUMP software allowed us to determine the actual depth of the implanted
Au to be 0.775µm with a Full Width at Half Maximum (FWHM) value
of 0.35µm, indicative of the width of the Gaussian distribution of the im-
planted species. This difference is most probably the result of inaccuracies
in the ion stopping power and the assumption that the stopping power is
constant (but of different value) on both the entrance and exit paths.
Figure 5.7 highlights the key features of the graph in the GaN layer
peak and the implanted Au peak. From RUMP simulations, the thickness
of the GaN layer was measured to be 0.255µm in all cases except for
the highest dose sample (0.200µm). This is potentially the result of
non-uniformity during the GaN deposition and/or sputtering during Au
implantation. Several other anomalies also existed for the 5e16 sample.
The implantation depth was determined to be slightly less than for other
samples (0.760µm compared to 0.775µm). Also, the FWHM is substantially
larger for the Au distribution in the 5e16 sample (0.42µm compared to
0.35µm). Both the reduced range and broader distribution are consistent
with sputtering effects. Finally, the measurements of implanted Au dose
for all samples were found to be slightly less than those measured during
implantation except for the 5e16 sample where the measured dose was
slightly larger than that predicted. The trend, as shown in Figure 5.7, is for
the area under the Au peak to increase with increasing dose. These results
are tabulated below in Table 5.2 together with the measured implantation
depths and GaN thickness.
Results obtained from our RBS experiments confirm that the implanted Au
penetrated through the GaN layer, coming to rest in the Al2O3 substrate.
This implies that very little Au remains embedded in the GaN layer, thus
this is not likely to effect measurements of the short-range order of the GaN
as performed by EXAFS. These results were also used to confirm the dose
of the implanted Au in each sample and the thickness of the GaN layer.
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Figure 5.7: RBS spectra highlighting thickness of GaN layer and dose of
implanted Au.
5.4 Transmission Electron Microscopy
TEM analysis is a time consuming, yet extremely powerful, technique
requiring precise sample preparation in order to produce micrographs
detailing the microscopic structure within the material. TEM micrographs
were recorded for our as-grown and 5e16 samples.
In Figure 5.8 we can clearly observe the N2 gas “bubbles”, characteristic of
ion-implanted GaN in our 5e16 sample. Also marked on this diagram are
the epoxy/Si layer, a layer of amorphous Al2O3, and a damaged Al2O3 layer.
At higher magnification (Figure 5.9a), small bright spots, uniformly dis-
tributed throughout the material can be seen. These are evidence of the
presence of crystalline material within our ion-implanted sample. This is
compared to an equally magnified image of the as-grown sample in which
no evidence of lattice disorder is evident (Figure 5.9b).
Formation and Characterisation of Amorphous Gallium Nitride 50
Sample Thickness Penetration FWHM Measured
of GaN layer depth Dose
(ions/cm2)
as-grown 0.255µm - - -
5e15 0.255µm 0.775µm 0.35µm 4.0 × 1015
1e16 0.255µm 0.775µm 0.35µm 0.9 × 1016
2e16 0.255µm 0.775µm 0.35µm 1.6 × 1016
5e16 0.200µm 0.760µm 0.42µm 5.5 × 1016
Table 5.2: Thickness of GaN layer, penetration depth and implantation dose
as measured by RBS.
Figure 5.8: Bright field image of N2 gas bubbles within a-GaN matrix.
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Figure 5.9: a) crystallinity within the material as indicated by the small
bright spots and b) an as-grown sample showing no evidence of lattice dis-
order.
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As the magnification is further increased (Figure 5.10), a lattice image, as
is typically produced by the diffraction of electrons from crystallographic
planes, is observed, thus indicating that the uniformly distributed “spots”
of Figure 5.9 are actually nanocrystals2 < 5nm in diameter.
Figure 5.10: Diffraction planes, evidence of the presence of crystalline ma-
terial.
In the image to the right, two such nanocrystals are marked in red.
Significantly, the orientation of these crystals are quite different, indicating
that they are the result of ion-induced reordering within the material.
Given the previous identification of N2 “bubbles” the observed nanocrystals
must be either Ga metal or pockets of crystalline GaN.
In Figure 5.11 a beam stop was applied to produce a ring diffraction
pattern of one of the nanocrystals. This diffraction pattern is shown
graphically in Figure 5.11.
2Nanocrystals are small crystalline structures of the order of 10−9m.
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Figure 5.11: Diffraction pattern used to determine d-spacing of crystallo-
graphic planes.
Knowing the distance from the sample to the TEM film and the electron
wavelength, the distance from the centre of the pattern to each fringe and
Bragg’s condition (given by Equation 3.1) were used to determine the d-
spacing of the diffracting crystallographic planes. These d-spacings were
compared to powder diffraction files proving that the nanocrystals were com-
posed of GaN (Table 5.3).
Measured Actual GaN %
d-spacing (A˚) d-spacing (A˚) Difference
2.54 2.59 1.93%
2.05 1.884 8.81%
1.60 1.591 0.57%
1.47 1.46 0.68%
1.34 1.33 0.75%
1.03 1.022 0.78%
Table 5.3: d-spacing of nanocrystals in implanted GaN as determined by
TEM analysis
These TEM images indicate that at our highest implantation dose of 5×1016
ions/cm2, residual GaN crystallinity is present in the ion-implanted material.
N2 “bubbles” are also observed to be present as has been shown to be
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common in ion-implanted GaN.
5.5 Extended X-ray Absorption Fine Structure
In this study EXAFS, was used to analyse the atomic-scale structure
of ion-implanted GaN. While sample preparation for this technique was
minimal, the difficulty in performing the experiment lay in the lack of a
suitable facility in this country. For this reason, samples were taken to the
Photon Factory in Japan where EXAFS analysis was performed on the
5e16 sample as well as a GaN crystalline standard.
The k3 weighted XAFS signal for the two samples are plotted in Fig-
ure 5.12.
Figure 5.12: k3 weighted XAFS signal for crystalline and 5e16 GaN samples.
Figures 5.13 a) to d) show a series of Fourier transform graphs in which
the prominent peaks are representative of nearest neighbour (NN) shells.
Figure 5.13 a) shows Fourier transforms for both GaN samples as well as
those for Ga metal and Ga2O3 (gallium oxide). The two GaN samples are
plotted in Figure 5.13 b) allowing direct comparison of the crystalline and
ion-implanted samples.
The reduction in amplitude of the first and second NN peaks, is
characteristic of lattice disordering. By definition, amorphous materials
retain short-range order but become increasingly disordered at greater
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Figure 5.13: Fourier transforms for as-grown, 5e16, Ga metal and Ga2O3
samples.
distances from the absorbing atom. In this case it can be seen that
the height of the 5e16 first NN peak is slightly smaller than that of the
crystalline standard whereas the 5e16 second NN peak is substantially
smaller than it’s crystalline equivalent.
XFIT was used to fit the Fourier transform data for the 5e16 sample
relative to that of the crystalline standard. These results are shown in
Tables 5.4 and 5.5.
1st NN - N R (A˚) CN DW factor
GaN cryst. 1.90 ± 0.01 4.00 (fixed) 0.0026 ± 0.0018
reference
5e16 1.90 ± 0.01 4.04 ± 0.73 0.0046 ± 0.0013
Table 5.4: Summary of results of EXAFS analysis for the N 1st NN shell.
While the radial distance to the first and second NN for both GaN
samples remain constant, differences are found in coordination number and
Debye-Waller (DW) factors of the two samples.
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2nd NN - Ga R (A˚) CN DW factor
GaN cryst. 3.13 ± 0.07 12 (fixed) 0.0069 ± 0.0050
reference
5e16 3.14 ± 0.03 3.71 ± 3.51 0.0130 ± 0.0072
Table 5.5: Summary of results of EXAFS analysis for the Ga 2nd NN shell.
The coordination numbers of the first NN shell are found to be equal
within error, however, the DW factor of the 5e16 sample is almost
twice as large as the crystalline standard. The increase in DW fac-
tor is the direct result of structural disorder. This explains the variation
in amplitude of the first NN peak of the Fourier transform for these samples.
In the second NN shell, the coordination number for the 5e16 sample
decreased to just over one third of the accepted value for crystalline GaN.
This indicates a disordering of the longer-range order of the material,
characteristic of amorphisation. Again, the DW factor of the implanted
sample was almost double that of the crystalline standard. The increase in
magnitude of this parameter from the crystalline to the implanted material
is also indicative of the disordering typically found in amorphous materials.
The graphs shown in Figure 5.13 c) and d) compare the 5e16 Fourier
transform to that of Ga metal and Ga2O3 respectively in order to determine
whether any Ga precipitates or Ga oxides are found in the 5e16 sample. It
was concluded that neither of these was present in the 5e16 sample in any
significant quantity as no abnormalities are observed in the 5e16 plot at
points coinciding with the Ga or Ga2O3 NN peaks.
The technique of EXAFS was used in this study to determine whether
physical properties characteristic of amorphous materials were exhibited
by our implanted sample. Typically, short range order is maintained in
amorphous materials, as was observed in this case, while at higher NN
shells, in amorphous materials, disorder begins to appear as a reduction in
coordination number relative to that of crystalline material. This is also
shown to occur in our sample though to a lesser extent than expected.
For both shells analysed here, the DW factor (representative of the degree
of disorder within the sample) is almost twice as high for the implanted
sample compared to that of the crystalline standard. From these results
it seems apparent that amorphisation has occurred to some degree in our
implanted sample.
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5.6 Summary of Results
The long-range structure of the ion-implanted material, as described above,
is sufficiently disordered that by methods of x-ray diffraction the material
appears amorphous.
In amorphous semiconductors it is common for the disorder within
the material to be such that the CN of the second NN shell is close to zero.
The CN of the second NN shell in our highest dose sample was measured by
EXAFS analysis to be close to 4 implying that one third of the crystalline
order was retained in this sample following implantation. This result is
explained by the uniform distribution of GaN nanocrystals throughout the
material as observed by TEM analysis.
While the observed crystallinity within an otherwise amorphous ma-
terial would be sufficient to suggest that the material was not, in fact,
amorphous, the key point of the TEM results is that the nanocrystals are
randomly orientated. This random orientation is indicative of the material
having been rendered amorphous and then partially reordered.
Had it been shown that the crystallites were orientated in the same
direction it would be concluded that amorphisation was incomplete. In
contrast, this random orientation indicates that the formation of GaN
nanocrystals is an ion-induced reordering effect of the implantation process.
This model is not dissimilar to recently published reports on the paracrys-
talline model of amorphous materials [52]. This work proposes a level of
medium-range order present in certain amorphous materials as indicated
by randomly orientated crystal structures of the order of a few nanometers.
The main feature of these “paracrystals” is their topologically crystalline
bonding but within which the atoms are significantly displaced from their
crystalline lattice positions by strain caused by the crystal boundaries. A
schematic of the molecular dynamics models of this paracrystalline material
is shown in Figure 5.14.
While this model shares similar features with our ion-implanted material,
we do not claim that our material is paracrystalline. This theoretical model
merely indicates that the structure of amorphous materials may not be as
obvious as it was once believed.
So, while our ion-implanted material does appear to retain some medium-
range order in the form of uniformly distributed nanocrystals within an
otherwise amorphous matrix, the random orientation of these crystals
indicates that the nanocrystals are the result of ion-induced reordering.
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Figure 5.14: Molecular dynamics models of the paracrystalline model [52].
Chapter 6
Conclusion
The high ionicity of the covalent bonds and efficient dynamic annealing
processes which occur within GaN, make this material extremely difficult to
amorphise. This study has demonstrated however, that at sufficiently high
implantation energy and dose, a mixture of amorphous and nanocrystalline
GaN can be produced.
Amorphisation of the highest dose (5e16) sample was suggested by
XRD with the disappearance of the (0002) GaN peak in diffractometer
experiments and the fading and/or disappearance of the spot pattern,
characteristic of diffraction from the GaN lattice, in back reflection Laue
experiments.
TEM micrographs provided unmistakable evidence of the formation
of N2 gas bubbles within the bulk amorphous material. This is consistent
with disordering resulting from the ion-implantation of GaN as shown by
several groups previously. While this indicates that the presence of Ga-Ga
homopolar bonding is probable, no direct proof of this was found in our
study.
EXAFS analysis derived a second NN CN of almost 4 for the 5e16
sample indicating that some of the crystal structure remains following
ion-implantation. This residual crystallinity is verified by TEM results
which reveal the presence of uniformly distributed yet randomly orientated
GaN nanocrystals within an otherwise amorphous matrix. The random
orientation of these nanocrystals suggests that complete amorphisation has
occurred and that the nanocrystals are the result of ion-induced re-ordering.
This work will be supplemented in the future with EXAFS studies
performed on the same samples at the N K-edge (as opposed to the
Ga K-edge which our study was performed at) by a colleague in Brazil.
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Additionally, characterisation using the techniques of TEM and EXAFS of
the intermediate dose samples (5e15, 1e16 and 2e16) should be performed
in order to provide us with a better understanding of the ion-induced
reordering observed at the highest implantation dose. Ideally, the inter-
mediate doses will show the presence of an amorphous matrix prior to the
onset of ion-induced reordering. Journal paper publication will follow the
completion of these studies.
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